Streptococcus pneumoniae can cause disease in various human tissues and organs, including 20 the ear, the brain, the blood and the lung, and thus in highly diverse and dynamic environments. 21 It is challenging to study how pneumococci control virulence factor expression, because cues 22 of natural environments and the presence of an immune system are difficult to simulate in vitro. 23 Here, we apply synthetic biology methods to reverse-engineer gene expression control in S. 24 pneumoniae. A selection platform is described that allows for straightforward identification of 25 transcriptional regulatory elements out of combinatorial libraries. We present TetR-and LacI-26 regulated promoters that show expression ranges of four orders of magnitude. Based on these 27 promoters, regulatory networks of higher complexity are assembled, such as logic AND and 28 IMPLY gates. Finally, we demonstrate single-copy genome-integrated toggle switches that give 29 rise to bimodal population distributions. The tools described here can be used to mimic complex 30 expression patterns, such as the ones found for pneumococcal virulence factors, paving the way 31 for in vivo investigations of the importance of gene expression control on the pathogenicity of 32 S. pneumoniae. 33 34 35
Introduction
PROX libraries, at least half of the control transformants showed high levels of luminescence 140 (1.0×10 5 to 9.9×10 6 RLU OD −1 , relative luminescence units per optical density at 595 nm) ( Fig.   141 2d, e, g). In contrast, random sampling of isolates from the TATA library did not yield TetR-and LacI-regulated promoters 159 The above-mentioned results showed that our cloning vector and our selection platform could 160 be successfully applied to identify constitutive promoters of desired strength. Next, we sought 161 to identify controllable promoters, from which transcription can be induced by the exogenous 162 addition of small molecules. To date, there are only few inducible systems available for S. 163 pneumoniae, showing different drawbacks for specific applications. These systems are either 164 based on pneumococcal regulators and they are thus not orthogonal 24,32-34 , or they are regulated 165 by peptides and thus require complex, membrane associated uptake and signaling 166 machineries 35, 36 , or they show a limited dynamic range 37 . We aimed at introducing orthogonal 167 transcription factors into S. pneumoniae that are regulated by small diffusible molecules, and 168 that enable a large dynamic range. The most commonly used and best characterized bacterial selection; PCPA, para-chlorophenylalanine, 2 mg ml -1 ; SPT, spectinomycin, 100 µg ml -1 ; ERY, erythromycin, high: 5 µg ml -1 , low: 0.05 µg ml -1 . (d-g) Gene expression strength (luminescence from luciferase expression) of P2 promoter variants from 24 randomly selected colonies per selection condition of the UP library (d), the CORE library (e), the TATA library (f), and the PROX library (g); ×10 2 etc., normalized luminescence between 1.0×10 2 and 9.9×10 2 RLU OD -1 (relative luminescence units per optical density at 595 nm) (see also Methods). (h) Sequence and expression strength of four promoters of the UP library (in comparison to P2), derived from negative selection (P-B2), sequential selection (P-C7), and positive selection (P-E9 and P-F6); transcription start sites are shown in bold, restriction sites are shown in dark grey, sequence deviations are underlined. regulators are the TetR and LacI repressors, which bind in the form of dimers to operator sites 170 (tetO and lacO, respectively) consisting of 19 to 21 base pair-long DNA sequences with dyad 171 symmetry. TetR originates from the tetracycline-resistance operon encoded in Tn10 of E. coli 172 and responds to the antibiotic tetracycline 38,39 while LacI represses the lac-operon and responds 173 to the sugar allolactose 40 . These compounds interact with their corresponding repressors and 174 trigger conformational changes that dramatically decrease the binding affinity for operator sites.
175
Importantly, non-toxic and non-degradable inducer molecules to these repressors exist, ATc 176 (anhydrotetracycline) in the case of TetR, and IPTG (isopropyl β-D-1-thiogalactopyranoside) 177 in the case of LacI.
178
We codon-optimized tetR and lacI for expression in S. pneumoniae D39V and integrated 179 them, together with an optimal pneumococcal ribosome binding site 24 , upstream of the multiple because the number of spacer nucleotides that separate operator sites from critical promoter 185 sequences, such as the −10 hexamer, cannot be easily randomized using standard 186 oligonucleotide synthesis. In this case, we took a more directed approach and placed operator 187 sites in altering positions within the core and the proximal region of P2, which were found to 188 be tolerant for sequence variations ( Fig. 2e Within the PT promoter series, a single tetO site (tetO1) 41 was placed either into the core 195 region (PT1-1) or into the proximal region (PT4-1) of P2, which gave rise to similar results, 196 with expression values for the induced and the repressed state within approximately three orders 197 of magnitude ( Fig. 3a, b ). For PT5-3, two operator sites were placed both into the core and into approximately four orders of magnitude ( Fig. 3b ).
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We furthermore analyzed −10 sequence variants of PT4-1, harboring TAAAAT in the 203 case of PT8-2, and TATCAT in the case of PT8-6 ( Fig. 3a ). Both the induced and the repressed 204 expression values of PT8-2 were downshifted one order of magnitude as compared to PT4-1, 205 demonstrating that promoter leakiness in the repressed state can be reduced by decreasing the 206 overall expression strength ( Fig. 3b ). PT8-6 showed even lower expression in the induced state 207 as compared to PT8-2; luminescence of the repressed state, however, did not decrease any 208 further because the lower detection limit for luciferase expression was reached (Fig. 3b ). The 209 expression curve of an induction series of PT8-2, as compared to PT4-1, was found to be similar 210 but downshifted. Interestingly, PT5-3, harboring two tetO sites, showed a more hypersensitive 211 dose-response relationship for ATc induction as compared to PT4-1 and PT8-2 that harbor only 212 one tetO site ( Fig. 3d ). in the induced state and 1.2×10 3 RLU OD −1 in the repressed state ( Fig. 3c ). PL8-2 also showed 235 the strongest hypersensitive response towards IPTG induction ( Fig. 3e ). locus, was found to require both ATc and IPTG to highly express luciferase ( Fig. 4c, d, e ). LacI 266 repression on its own (with ATc but without IPTG) was not enough to completely shut down 267 Ptela activity ( Fig. 4e ). However, the absence of ATc, and thus TetR repression alone, was 268 enough to decrease luminescence below the detection limit even in the presence of 1 mM of 269 IPTG (Fig. 4e ). The results above show that both TetR and LacI can be functional within the same cell. 274 Next, we wondered whether the ATc-and IPTG-inducible systems could be used in parallel 275 and independent from one another. We therefore generated the double-inducible integration DNA replication) or from the sequence deviation in the proximal region (BclI instead of the 289 BglII site). Alternatively, the translation efficiency might be decreased because of the alteration 290 within the 5' UTR. Nevertheless, the double-inducible system showed to work without 291 interference between the two regulators.
292
With the TetR-and LacI-regulated systems in place, we wondered if we could construct 293 a system where the expression of one repressor is controlled by the activity of the other 294 repressor, giving rise to IMPLY gates (Fig. 4f, g) . To do so, we controlled the amount of LacI integrate a genetic toggle switch into the pneumococcal genome ( Fig. 5a ). Note that that there 311 are only few descriptions of a single-copy chromosomally integrated synthetic toggle switch, 312 in contrast to toggle switches on replicating plasmids 56 .
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Toggle switch 1 (TS1) harbors the promoters Ptet (identical to PT5-3; with restriction 314 sites XbaI upstream and AseI downstream) driving lacI, and Plac (identical to PL8-2; with 315 restriction sites XbaI upstream and BglII downstream) driving tetR (Fig. 5a ). Reporter genes 316 were integrated into the S. pneumoniae D39V genome at the amiF locus. Based on pPEPdi, 317 pPEP10 was created, with the erythromycin resistance marker erm, luc and gfp driven from 318 Ptet, and the kanamycin resistance marker aphA driven from Plac (Fig. 5a ). Separating the 319 toggle switch from reporter genes increased the robustness of the system, and it furthermore 320 allowed for straightforward replacement of reporter genes. Toggle switch strains were 321 triggered, either with IPTG or with ATc, by plating and overnight incubation, followed by 8 h 322 cultivation in liquid medium in the presence of inducer (to allow for the establishment of stable 323 expression equilibria; Fig. 5b ). Next, induced cultures were re-plated and re-grown for 8 h in 324 liquid medium without inducer to allow for the settlement of gene expression at stable states, 325 and for switching events to occur (Fig. 5b) . In the case of the promoter pair Ptet and Plac (TS1), the predicted positioning of the 338 steady states indicates that cells containing high levels of TetR and low levels of LacI are more 339 likely to remain in their current state than cells containing low levels of TetR and high levels 340 of LacI (SFig. 2). We therefore created two additional toggle switches, TS2 and TS3, by 341 modifying the −10 sequence of Plac (TS2, Plac2 −10 sequence TAAAAT; TS3, Plac3 −10 342 sequence TATCAT) with the goal of finding bistability patterns with similar spacing between 343 the threshold and the two stable states. Deviations of the canonical −10 sequence were 344 previously shown to downshift the expression curve of an induction series (10-fold for 345 TAAAAT, and presumably 20-fold for TATCAT; see Fig. 3b, d ).
346
The three resulting strains D-TS1-PEP10, D-TS2-PEP10 and D-TS3-PEP10 ( Fig. 5b (Fig. 5d ). However, in TS3 369 strains, also cells of cultures that were pretreated with IPTG were found to be able to switch, in this case from the T-state to the L-state, with a frequency of ~ 0.1 % of cells within the observed 371 time period (Fig. 5d ).
372
Remarkably, an additional prediction that was made based on the plot in Fig. 5c could 373 be confirmed. When decreasing the promoter strength of Plac within the toggle switch, one would 374 expect a lower TetR concentration in the L-state, which in turn should result in cells expressing 375 higher levels of GFP. Indeed, flow cytometry measurements showed that the peak of 376 fluorescence intensity shifted in the direction of the x-coordinate, from TS1 over TS2 to TS3, 377 with the mode of TS1 cells found at output level #362, for TS2 cells at #388, and for TS3 cells 378 at #398 (arbitrary units, see also Methods) ( Fig. 5d and SFig. 2).
379
After the characterization of TS3, we attempted to identify intermediate induction levels T-state (only expressing GFP). Finally, we followed population bifurcations of TS3 by time-397 lapse microscopy (Fig. 5f) . Starting from single D-TS3-diLK cells, microcolonies of 398 phenotypically mixed progeny emerged, with individual cells fluorescing either green or red 399 ( Fig. 5f , Movie S1). 
